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Abstract: Nanowire-based photovoltaic devices have the advantages over planar devices in light absorption
and charge transport and collection. Recently, a new strategy relying on type-II band alignment has been
proposed to facilitate efficient charge separation in core/shell nanowire solar cells. This paper reviews the
type-II heterojunction solar cells based on core/shell nanowire arrays, and specifically focuses on the progress
of theoretical design and fabrication of type-II ZnO/ZnSe core/shell nanowire-based solar cells. A strong pho-
toresponse associated with the type-II interfacial transition exhibits a threshold of 1.6 eV, which demonstrates
the feasibility and great potential for exploring all-inorganic versions of type-II heterojunction solar cells using
wide bandgap semiconductors. Future prospects in this area are also outlooked.
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Introduction
In recent years, global energy issues and rapidly
growing environmental concerns have become more and
more imperative, and significant progresses have been
made in the development of renewable energy tech-
nologies, such as solar cells, fuel cells, and biofuels.
Among them, solar cell is deemed as the most poten-
tial approach because of the abundant, inexhaustible
and universally available energy resources. Nowadays,
it is widespreadly used in aerospace, however, the most
expected application in power stations is still limited
because of the high cost and the shortage of electricity
storage technology. To change present status, innova-
tions are obviously needed to lower cost and improve
the conversion efficiency.
Conventional solar cells basically operate on the prin-
ciple of p-n junction formed by joining p- and n-type
semiconductors. An analysis based on the Shockley-
Queisser detailed balance theory shows that the semi-
conductor with bandgap of about 1.45 eV is preferable
for this kind of single-junction solar cell [1]. As a result,
the narrow-band gap semiconductor materials, such as
Si (1.12 eV) [2], GaAs (1.43 eV) [3,4], CuInS2 (1.53 eV)
[5], and CdTe (1.45 eV) [6-9], are widely used and stud-
ied in solar cells. To date, the maximal efficiencies for
Si and GaAs solar cell have reached up to 24.7% [10]
and 28.3% [11], respectively, which are almost close to
their theoretical limitations. To further improve con-
version efficiency, a conceptually straightforward way is
to use a stack of cascaded multiple p-n junctions with
bandgaps better matching to solar spectrum, such as
GaAs-based multi-junction solar cell [12]. Record con-
version efficiencies above 40% have been reported for
multi-junction cells using concentrated sunlight [13-15].
Although substantial advances have been made in effi-
ciency, the cost of power generation for solar cell is still
higher than that for the conventional resource, such as
coal, gas or oil.
Currently, a new generation of nanowire-based so-
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lar cells has been receiving enormous attention because
of their potential advantages in efficiency and cost.
Compared with planar structure, nanowires can effec-
tively enhance light absorption by suppressing light re-
flectance and increasing light coupling [16,17]. These
advantages promote the development of nanowire-based
solar cells. In particular, coaxial nanowire structure
is more beneficial to collect carriers because of the
novel mechanism of radial charge separation [18-20].
In these nano-architecture photovoltaic devices, two
types of structures, namely, p-n junction [18,21] and
type-II heterojunction [20], are commonly employed.
For instance, B. Z. Tian et al. reported the realiza-
tion of p-type/intrinsic/n-type (p-i-n) coaxial silicon
nanowire solar cell with a conversion efficiency of up
to 3.4% under one sun [22]. As for type-II heterojunc-
tion, it can function similarly as a p-n junction, but
without having to deliberately dope the nanowire. In
addition, type-II heterojunction can also substantially
reduce bandgap indirectly in spatial to efficiently ab-
sorb the sun light, although both materials constitut-
ing heterostructure have wider bandgaps [20,23]. Such
heterojunctions have been intensively investigated for
photovoltaic applications, including dye-sensitized solar
cell (DSSC) [24,25], quantum dot-sensitized solar cell
(QDSSC) [12,26], core/shell nanowire solar cells [27,28],
and so on [29-35]. Compared with DSSC or QDSSC,
core/shell nanowire solar cells have the advantages in
light absorption, current transportation and charge sep-
aration [18-20,36]. In this paper, we will primary focus
on the achievements, challenges, and prospects of type-
II core/shell nanowire arrays (NWAs), with the empha-
sis on ZnO/ZnSe coaxial nanowire solar cell.
Theoretical design of type-II het-
erostructures
Heterostructures are generally formed by bringing
two different semiconductors into physical contact,
which can be typically classified as type-I (straddling
gap), type-II (staggered gap) and type-III (broken gap)
depending on the alignment of energy bands. The for-
mer two types are more commonly used in practical het-
erostructure devices. For type-I heterostructure, both
the conduction and valence band edges of the semicon-
ductor (sem1) with the narrower bandgap are located
within the band of another semiconductor (sem2), as
shown in Fig. 1(a), which is advantageous for electrons
and holes to simultaneously accumulate in the sem1,
and thus enhance the carrier recombination. This band
structure is often used to fabricate lasers, light emitting
diodes, etc. As for type-II heterostructure, a staggered
band offset is formed at interface, and the lowest energy
positions for electrons and holes are located in different
materials, respectively. This means that type-II het-
erostructures can carry out charge separation, and is
potential for photovoltaic applications [37].
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Fig. 1 Schematic energy band diagram for type-I (a), and
type-II (b) heterostructures.
There have been numerous attempts and models
to predict and calculate the electronic structures and
properties of type-II heterostructures [20,23, 38-40]. To
date, the reported type-II heterostructures are mainly
based on II-VI and III-V binary semiconductors, such
as ZnO/ZnS [41], ZnO/ZnSe [42], ZnO/ZnTe [23],
CdSe/CdTe [43], and GaN/GaP [20], as shown in Table
1. Among them, ZnO-based heterostructures attracted
more attentions due to its abundant resources and facil-
itating growth [44]. For instance, J. Schrier et al. have
theoretically analyzed the electronic structures and op-
tical properties of ZnO/ZnS and ZnO/ZnTe [23], and
revealed low absorption limitation of 2.07 eV and 1.17
eV, respectively. The simulation results for other type-
II heterostructures are also listed in Table 1. It can be
seen that there are some deviation between the effective
bandgap and the optimal bandgap of 1.45 eV for solar
cell.








ZnO/ZnS ZnS 2.07 [23]
ZnO/ZnSe ZnSe 1.84 [42]
ZnO/ZnTe ZnTe 1.17 [23]
ZnO/CdS CdS 2.17 [45]
ZnO/CdSe CdSe 1.73 [46]
ZnSe/ZnTe ZnTe 2.07 [47]
CdSe/CdTe CdTe 1.16 [43]
CdS/ZnSe ZnSe 2.05 [48]
CdSe/ZnTe ZnTe 1.07 [49]
GaN/GaP GaP 0.87 [20]
Recently, we designed two kinds of type-II het-
erostructures of ZnO (wurtzite)/ZnSe (wurtzite) and
ZnO (wurtzite)/ZnSe (zinc-blende) by first-principle
calculations [50], as shown in Fig. 2. It was found
that the ZnO (wurtzite)/ZnSe (wurtzite) heterostruc-
ture is preferable to solar cell applications because
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of the lower effective bandgap of 1.51 eV, which
is almost close to the optimal bandgap of solar
cell. Furthermore, the electrons and holes can be
high effectively separated at the interface of ZnO
(wurtzite)/ZnSe (wurtzite) heterostructure due to the
strong misfit stress field. An optimal structure of
ZnO (wurtzite)/ZnSe (wurtzite)/ZnSe (zinc-blende)
was proposed to realize a solar cell with near-infrared
response. Figure 3 shows the spatial distributions of
partial charge densities, revealing that the strained
zinc-blende ZnSe layer can high efficiently transport
current from the wurtzite ZnSe layer.
(000-1) (0001) O Zn Se
Interfaces
HS1:    ZnO(WZ)  [001] ZnSe(WZ)  [001]
HS2:    ZnO(WZ)  [001] ZnSe(ZB)  [111]
Fig. 2 Structures of ZnO (wurtzite)/ZnSe (wurtzite) and
ZnO (wurtzite)/ZnSe (zinc-blende) heterostructures.
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Fig. 3 Partial charge densities of VBM (dash line) and
CBM (solid line) for ZnO (wurtzite)/ZnSe (wurtzite)/ZnSe
(zinc-blende) heterostructure.
Considering the actually practical structure, we also
design a ZnO/ZnSe core/shell structure with 240 atoms
containing two layers of ZnO in the core and two lay-
ers of ZnSe in the shell. The wire model orientates
along [0001] direction enclosed by six {1100} facets,
and all the dangling bonds on surface were saturated
by hydrogen atoms. The relaxed ZnSe layers near the
interface trend to be of the same lattice constant as
the inner ZnO, as shown in Fig. 4, which means that a
coherent layer is easy to form in the ZnO/ZnSe coax-
ial nanowires, and above mentioned heterostructure of
ZnO (wurtzite)/ZnSe (wurtzite) can be fabricated. Fig-
ure 5 shows the charge distributions (the squares of
the wavefunctions) for the conduction band minimum
(CBM) and valence band maximum (VBM). The elec-
tron is largely localized in the ZnO core, whereas the
hole is confined to the ZnSe shell, revealing the high
separation efficiency and feasibility of photovoltaic ap-
plication for ZnO/ZnSe coaxial nanowire.
O Zn Se H
Fig. 4 Atomic structure of ZnO/ZnSe core/shell het-




Fig. 5 Cross-section views of charge distributions of
ZnO/ZnSe core/shell heterostructure: (a) the CBM elec-
tron state, and (b) the VBM hole state.
Fabrication of type-II core/shell
nanowire-based solar cells
Recently, type-II heterostructures have often been
used to construct nano-photovoltaic devices. The two
most common types are quantum dot-sensitized solar
cells (QDSSCs) [12] and coaxial nanowire solar cells
[51]. Figure 6 shows the schematic diagram of quan-
tum dot-sensitized solar cells and coaxial solar cells
based on well-aligned nanowires. The essential differ-
ences between them are the inner quantum structure
materials. The QDSSCs are formed by coating quan-
tum dots (QDs) onto well-aligned NWAs, and there is
lack of a continuous current path due to the isolation
of QDs. As a result, an additional liquid electrolyte or
hole conductor is needed to connect anode. As for the
coaxial nanowire solar cells, the inner nanowire is fully
surrounded by another semiconductor material which
can directly be used as the current path to anode.
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Fig. 6 Schematics of (a) type-II nanowires-based quantum dot-sensitized solar cells, and (b) type-II core/shell nanowires-
based solar cells.
When light incidents upon solar cells, photons captured
by the QDs or coaxial nanowire generate electron-hole
pairs which are rapidly separated at the type-II het-
erojunction interface. Electrons are injected into inner
nanowires and transport out to the cathode, whereas
holes are injected into a hole conductor or electrolyte
(QDSSCs) or the shell of coaxial nanowires (coaxial
nanowire solar cells) and transport out to the anode.
Compared with QDSSCs, coaxial nanowire solar cells
provide a larger type-II interfacial area, which is in fa-
vor of higher charge separation efficiency. In addition,
the longitudinal size of coaxial nanowire more matches
with solar light wavelength, resulting in a higher light
absorption efficiency. Furthermore, the recent theoreti-
cal studies predicted that type-II coaxial nanowire can
have three light absorption regions, including the near-
band-edge absorption of the core and shell layer, and
the interfacial transition absorption [51]. Generally, in-
terfacial transition locates in infrared regions. There-
fore, type-II coaxial solar cells, acting as multi-junction
solar cells, are potential to be full-spectrum cells by the
modulation of composition, structure, and interface.
Many studies have been made from worldwide re-
search groups in type-II coaxial nanowire growth and
photovoltaic applications [52-58]. Zhang’s group fabri-
cated the vertically aligned ZnO/ZnSe and ZnO/ZnS
core/shell NWAs by CVD method [42,59], and investi-
gated the photovoltaic effect of the ZnO/ZnS NWA.
Lee’s group synthesized ZnO/ZnSe heterostructure
NWAs with different morphologies through solution-
based surface modifications [54,55]. Lim’s group also
grew ZnO/ZnSe core/shell NWAs by successive ionic
layer adsorption and reaction method, and develops
a photovoltatic device with an overall conversion ef-
ficiency of 1.37% [56]. Chang’s group synthesized
ZnO/ZnTe core/shell NWAs on an a-plane sapphire
substrate by CVD and metal-organic chemical depo-
sition [58]. Despite of so many studies, the pre-
dicted longer wavelength transitions at type-II inter-
face has not been convincingly observed. Excitingly,
Kang’s group reported the achivement of well-aligned
ZnO/ZnSe coaxial nanowires with a transition layer of
wurtzite ZnSe between the wurtzite ZnO core and the
zinc-blende ZnSe, and for the first time observed the
interfacial transition extending the photoresponse to
a threshold much below the bandgap of either com-
ponent (3.3 and 2.7 eV, respectively) at 1.6 eV [51].
Figure 7 shows the transmission spectra of ZnO and
ZnO/ZnSe core/shell NWA and their derivative curves,
respectively. As predicted by theory, three absorption
regions are observed with the peaks around 3.2, 2.7,
and 1.6 eV, which are attributed to the near-band-edge
absorption of ZnO and ZnSe, and the interfacial transi-
tion absorption, respectively. Figure 8 shows the pho-
tovoltaic device based on such a ZnO/ZnSe core/shell
NWA. The large open-circuit voltage of 0.7 V and the
external quantum efficiency of ∼ 4% at 1.9 eV and 9.5%
at 3 eV (shown in Fig. 8), are among the highest re-
ported value for the nanowire-based solar cells. These






































Fig. 7 (a) The transmission spectra of ZnO and ZnO/ZnSe
core/shell nanowire array; (b) Derivative curves of the trans-
mission spectra (a).
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Fig. 8 (a) EQE of a photovoltaic device based on ZnO/ZnSe
core/shell NWAs; (b) Open-circuit voltage of the NWA cell
and Si cell radiated by a He-Ne laser with different power
densities.
results represent a major advance towards the realiza-
tion of all-inorganic type-II heterojunction photovoltaic
devices.
Conclusion and perspective
In this paper, we gave a brief overview of the theo-
retical design of type-II heterojunction and recent de-
velopments in type-II heterojunction solar cells based
on core/shell NWAs, with an emphasis on ZnO/ZnSe
coaxial nanowire solar cell. In view of its high theo-
retical conversion efficiency, simple fabrication process,
and low cost, type-II coaxial nanowire solar cells have
a great potential to lead a new generation of photo-
voltaic applications. Unfortunately, as for now, the ef-
ficiency of this kind of device is lower than that of other
classes of solar cells. Issues to be considered include the
high contact resistance between coaxial nanowires and
electrodes, surface recombination problems associated
with the high surface area of the nanowires, and the
mismatching between the absorption spectrum and the
solar spectrum. Further efforts, such as improvement
in Ohmic contact, structural optimization [60], and de-
vice integration, are needed for this new technique to
be competitive with the other more mature ones.
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